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D. The object of this thesis is to experimentally obtain
heat transfer data for subcooled water flowing vertically
upward over a heated flat plate at atmospheric
pressure, to photograph the bubble formation during
surface boiling and to relate the bubble size, popu-
lation and trajectory with the variables of surface
temperature, liquid subcooling and flow rate.
The results in the form of plots and photographs
show that a pronounced increase in the heat flux
density occurs under conditions of surface boiling,
that there is a transition zone between non-boiling
and fully developed boiling in which eddy turbulence
has an effect on the heat transfer rate and that
photographic speeds greater than two micro-seconds
are required to completely stop the action of vapor
bubble formation. Over the range of variables studied
it was found that vapor bubble velocities are of the
order of 1000 ft/sec, that velocity is normal to the
heated surface and that, bubble population is not a

cyclicel phenomenon. The effect of the presence
of bubbles in decreasing the density of the bulk
bt
water was observed to Avery slight, order of magni-
tude was one percent.
The results of this investigation seem to lend
support to the hypothesis postulated by Rohsenow
and Clark that, the pronounced increase in heat
transfer rate coinciding with surface boiling in
forced convection is due primarily to the 8gitation
of the quiescent layers of liquid adjacent to the
heated surface resulting from the motion of vapor
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I. INTRODUCTI ON
Heat transfer at high density of heat flux has become
increasingly important in recent years due to the many
scientific and industrial applications requiring extremely
high rates of heat transfer per unit area. The mechanism
of heat transfer at high flux density to water is of
particular interest and importance. Whereas, the properties
of water ere well established and much is knowhabout heat
transfer to water in the non-boiling region, there has
been a scarcity of substantiated data in the "local" or
"surface boiling" region.
"Surface boiling" is a form of nucleate boiling occurring
when a subcooled liquid is brought into contact with a
heated surface, hot enough to generate vapor at the surface
of the heater. The vapor bubbles formed subsequently con-
dense in the colder liquid.
Earlier investigations in this field (9), (10) established
that the important variables to be considered .in a study
of surface "boiling were velocity, pressure, bulk tempera-
ture, concentration of dissolved gas in the fluid, size of
the heat transfer surface and tne nature of the surface.
All of the earlier work has shown that the heat transfer
rate increases sharply in the region of surface boiling,
but the data thus far has not yielded adequately to cor-
relation by any means so that no generalized equations
exist for predicting heat transfer coefficients or the

maximum heat flux density that may be realized. Because
the increase in heat flux density occurs when vapor
bubbles form there is probably some correlation between
the two, since other conditions remain essentially the
same. ?or this reason photographic study of the mechanism
of bubble formation is indicated. KoAdams et al (8) have
taken high speed motion pictures of the boiling process
associated with forced convection. These pictures and
attendant data have been analyzed by Rohsenow and Clark
(5) who have demonstrated that the energy required to
form all the visible bubbles is a very small fraction of
the increased heat transfer in the surface boiling region.
They have postulated that the high rate of heat transfer
associated with surface boiling in a sub-cooled liquid
is due primarily to the violent agitation of the quiescent
layers of liquid adjacent to the heated surface resulting
from the motion of vapor bubbles being generated there.
It is the purpose of this thesis to employ various
experimental techniques to photograph the bubble formation
during forced convection over a vertical heated plate.
It is hoped that data and pictures thus obtained may yield
some correlation between bubble population and size with
other variables such as sub-oooling and fluid velocity.
Further, it is hoped that necessary modifications or changes
in techniques of bubble photography will result from this
investigation in order that such changes may be utilized
in a lat^r, more detailed study at high pressures.

II. Procedure
Basioally, the procedure followed was to obtain,
experimentally, values of heat flux density and the
oorredponding temperature difference for distilled
water flowing vertically upward through a rectangular
test section, the back wall of which was a heated
flat plate. The variables of velocity and bulk
temperature were independently controlled and pressure
at the heated strip was maintained at onf atmosphere.
A aeries of high speed photographs and high speed
motion pictures were taken to show the variation in
bubble oooulatlon and size under the various conditions.

III. Results
The results? of this Investigation are summarized
in figures XVI to XXVIII. The results of the high
speed motion piotures have not been fully analyzed
to date. All film is In the possession of Mr.
John A. Clark, Mechanical Enrin°ering Department,
M.I.T. The film reels are numbered corresponding
to the numbering as shown in the original data,
Appendix I.

IV, DISCUSSION Q¥ RESULTS
The results ox the experimental runs are plotted
in figures XVIII through XXII as heat flux density,
Q/A, versus the temperature difference, tw -tt>. In the
non-boiling region the normal linear relationship exists
between Q/A and At* As local boiling commences a pro-
nounced increase in the slope of the curve occurs. At
conditions of high surface boiling thi3 approximates a
linear relationship whose slope is considerably higher
than that in the non-boiling region. The increase in
slope in the transition zone between non-boiling and
boiling occure at lower values of A t and is gentler
than that observed by earlier investigators (5), (7),
(8), This is accounted for by the fact that the liquid
during testing was only partially degassed. The heated
strip acting as a degasser caused air bubbles to form
before the water vapor bubbles would normally appear.
McAdams et al (8) have shown that with gasified water the
heat transfer rate begins to increase before the boiling
temperature of the water is reached. Their experimental
results are replotted here as fig. XXV. The effect of
dissolved gas becomes decreasingly important as the boiling
rate increases.
The fact that gasified water snows en increase in
heat flux density before degasified water lends support
to the hypothesis of Rohsenow and Clarke (5) who h8ve

postulated that it is the agitation of the quiescent
layer next to the neater strip wnich permits the pro-
nounced increase in heat transfer rate. Gas bubbles
could theoretically cause this as well as water vapor
bubbles.
A more striking support of this hypothesis is seen
from examination of fig. XVII which is the plot showing
correlation of data in the boiling region. Between non-
boiling and fully developed boiling there exists a trans-
ition region in wnich we have in addition to eddy turbu-
lence, turbulence as a result of bubble motion, wnich for
the purpose of description we will call bubble turbulence.
The effects of bubble turbulence and eddy turbulence are
presumably of the same order of magnitude at first but
as the surface becomes more heated the bublle action becomes
more vigorous resulting in bubble turbulence becoming of a
higher order of magnitude. This effect becomes more pro-
nounced with increased heating resulting in a negligible
velocity effect at fully developed boiling.
Figure XXVIII is a composite photograph showing bubble
formation at velocities of 5 ft/sec. and 1.7 ft/sec. The
condition at the lower velocity run is relatively closer
to the region in wnich fluid velocity does not affect the
heat transfer rate. In the higher velocity run the bubble
agitation is less vigorous yet the Q/A is larger indicating
that the eddy turbulence is influencing the heat transfer
considerably.

Fig. XXI is b composite of figures XVIII, XIX and
XX showing the effect of velocity to oe a higher Q/A
value reached before surface boiling commences.
Pig. XXII is a plot cf Q/A versus A t = tw -t^, at
1 ft/sec. showing the effect of a change in subcooling.
Since all our runs were at atmospheric j>ressure this i3
merely a change in bulk temperature. It is seen that in-
cipient boiling occurs at a lower value of Q/A as bulk
water temperature is increased.
Pig. XXVII is e. composite photograph of 16 runs at
the same velocit2?" showing the variation of bubble size
and population with subcooling and heat flux density, Q/A.
These pictures were taken at an estimated speed of t-wo
micro-seconds and show that the action of bubble forma-
tion is still not fully stopped, Keasurement of the
bubble blur indicates a bubble velocity in the order of
1000 ft/sec. This velocity appears normal to the heating
surface. The large amount of small dots that are visible
out in the stream are apparently bubbles of non-condensable
gas which have been liberated at the heater strip. The
number and penetration of these bubbles far exceeds the
number and penetration of water vapor bubbles. In no
case is a water vapor bubble seen to penetrate more than
0.05". las bubbles persist througn tne visible length of
the test section above the heater strip and the number is
so great at high flux densities that they appear as a
white froth. The speed of these bubbles as they leave

8the wall is relatively slow compared witn the speed of
water vepor bubbles. They appear in sharp focus at 2
micro-seconds but are blurred at 2x10"^ seconds. (9ee
picture No. 4, figure XVIII.) A plot of gas bubble tra-
jectory was attempted but discarded as inconclusive since
it was impossible to tell whether the gas bubble commenced
its penetration from the surface of the heater strip or
from the colder area adjacent to tne heater strip.
Fig. XXIII shows the results of an estimated density
change of the wj;ter next to the heater strip. The volume
investigated was near the middle length of the strip at a
distance into the stream of .045". This dimension was
taken to approximate the hydraulic radius of a tubular
heating element used in a high pressure study (4). Small
sections of the films in figure XXVI were enlarged to the
limit of definition, about 21 x. The bubbles in evidence
were counted and diameters measured. The results are
tabulated as table *3Z • The root mean cube diameter was
calculated and the percentage of volume occupied by the
bubbles determined for two different assumed conditions.
The first assum] tion was that the bubbles seen and counted
were only those for a width across the heater strip of one
bubble diameter, i.e., each bubble theoretically could be
blocking the view of f row of bubbles. The second assump-
tion was that the bubbles seen end counted were all of the
bubbles existing for the full width of tne heater strip.
JfTOffl observation of these and many oth^r runs the authors

believe the second assumption to be much the better of
the two. The results of both assumptions are plotted
in fig. XXIII as percent change in volume against heat
flux density for three different subcoolings. It is
seer, that the lower sutcooling, i.e., the warmer bulk
water results in the greatest density change but this
is slight, in the order of one percent. It might be
expected that a much larger decrease in density would
appear at or approaching burnout. Information in this
region is to be desired.
The high speed motion picture study is as yet in-
complete but it was found that an estimated speed of
3000 frames per second is not fast enough to show the
formation arid growth of the bubbles. Approximately 1/3
of the bubbles can be seen in 2 consecutive frames.
The remainder apparently condense between frames. In
no case did the same bubble appear in more than 3 adjacent
frames, it will be necessary to use much higher frame
speeds to plot bubble trajectory. Reel #4 taken at
Q/A = 282,000, 90° subcooling and fluid velocity -1.7
ft /sec. proved to be the best reel for analysis. The
estimated effective exposure time for this reel was
1/15,000 sec. per frame and bubble action was not fully
stopped. A bubble count of 52 consecutive frames was
made using a micro-film viewer and when plotted against
frame number a random scatter with no definite cycle in
evidence was obtained. This plot appears as fig. XXV.
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Thus, r/it.h this meager data, it appears that with
no pronounced cycling of bubble population, density
data can te obtained .from still pictures. However,
if other Information is desired such as bubble trajectory
it is obviou? that still photography will i e inadequate.
It was apparent from examin tion of the film that the
camera speed at the end of the reel was higher then at
the first part. It will be necessary in any future
motion picture study to operate a timing light in con-




1. Agitation of the quiescent layer adjacent to the
flat plate heater atrip by bubble action apparently
is primarily responsible for the increased heat
flux density under conditions of surface boiling.
2. A well defined and reproduceable transition zone
exists between non-boiling and ful'-y developed
boiling. The agitation responsible for this is
due to eddy turbulence and bubble turbulence.
3. After passing through the transition zone into
fully developed surface boiling, th*» effect of
velocity is negligible.
*>. To get a single vapor bubble to persist for as
much as ten (10) frames, motion picture speeds in
the order of 15-20,000 framps p^r second are in-
dicated.
5. The penetration of non-condensable vapor bubbles
is much greater than that of the Hater vapor bubbles.
6. The speed of the water vapor bubbles leaving the
wall is of the order of 1000 ft/sec. The speed of
the non-condensable vapor bubbles la much less.
7. Therp appears to be no evidence of a cyclical
change in bubble population at a subcoolin^ of 90 F.
8. Th*» bubble formation during surface boiling decre^F.es





1. When visual studies involve a flat heating surface,
the surface should be maintained as narrow as possible.
This will prevent hidding bubbles and also aid in
having all bubbles in focus when photographed.
2. A preheater should be installed to maintain the sub-
cooling temperature. It should have enough capacity
to heat the water from about 60 P to the saturation
temperature. The cooler could then be used to cool
the water leaving the test section to prevent pump
cavitation.
3. Small pipe diameter should be avoided as much as
possible to reduce pressure losses in the circuit.
4. In using rectangular test sections the entrance for
the water should be as smooth as possible to avoid
cavitation at high velocities.
5. For better control of test conditions special care
should be taken in designing the test section to
insure that it is air tight. The use of lucite or
other plastic materials is not recommended because
of their lack of rigidity.
6. Better eeans of shielding the outer wall thermocouples
should be devised. A successful method mignt be to
use a dead air space with a heater consisting of an




7. Higher speed motion pictures should be obtained
in order to definitely establish whether or not
cycling exists. If it does not exist high speed
still pictures would be sufficient for visual
studies.
8. The effect of bubble formation on bulk density
should be investigated at and near burnout conditions.
3, Further visual study should be made to investigate
the effect of me^chanical agitation of the quiescent





A Ar^a, sq. in.
b Heater strip width, in.
°C Degrees, Centigrade scale
C Coefficient of discharge, dimension less
,Cp Specific hea-r,, BTU/lb. -°*
P Diameter, ft.
dm Root mean cube bubble diameter, in.
E Voltage, volts
°J? Degrees, Fahrenheit scale
3
a Conversion factor, 3.413x10 BTU/K.W. -Hr.
g 32.2 ft/sec. - sec.
H Head, ft. of fluid
h Heat transfer coefficient, BTU/hr-sq.ft.-°F
I Current, amperes




K Plow coefficient, dimensionless
°Fk Thermal conductivity, BTU/hr. -sq.ft.
ft
L Length, ft.
1 Length of heater strip used in bubble count, in.
m o/5S\y °F/sq.in.
Npo Prandtl number, dimensionless
3 Reynolds numbex*, dimensionless

Nu Nusselt number, dimensionless
p Pressure, Ibs./sq.in.
Q BTU/hr.
Q/A Heat flux density, BTU/hr. s'i.ft
.
Rd Reynolds number based on orifice diameter,
dimensionless










ta air temperature, °P
t D Liquid bulk temperature, P
tm Mean temperature through heater element, °P
t Temperature of heater element^ outside wall, °P
t w Temperature of heater element, inside wall, °F
t sat Superheat, °P
V Mean stream velocity, ft /sec.
v D Volume of bubbles, cu.in.
vc Volume of water with no bubbles, one bubble
diameter wide, cu.in.
Vfl Volume of water with no bubbles, 1/2" wide, cu.in.
w Mass rate of flow, lbs. /sec.
x Distance along heater strip, in.
y Heater strip thickness, in,
ot Temperature coefficient of electrical resistivity
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/3 Temperature coefficient of thermal conductivity
A Difference
P Density, lbs./cu.ft.
p Electrical resistivity, ohm-in.
JJ, Viscosity based on bulk temperature, lbs/hr»ft.





Orifice Calculations for Design
Max. vel in test section 30 ft/sec.
Cross-sect, area test section » ,00455 ft2 a .655 in,
2
Di of 1° Cu tube (type "L") - 1.025"
Oross -sect, area of tube * .825 in. 2 - .00573 ft. 2
Max. vel. in tube * 655 x 30 23.8 ft/sec.
At max. flow rate of 23.8 ft/sec. in tube, at 112°F,
w « 6 2x23. 8x. 0057 3 - 8.45 #5/seo.
Plow equation: w - CA2
V
z f 3 * p
i2V,
-(*r
Let max. ht. of Hg. in manometer • 45"
then: a p inches Hg. under water x .4534
(.4534 is factor for 70" water)
Ap =» 45 (.4534) - 20.4
wxi2A/ •
-(^y = ca2 ^V in * p
144 w2 (1- /M 2 ) » C 2A22(2/^^p)
1 - A2
2 / » C 2 (2/g*p)
aT7/ 144 w2V A 2
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1 - 1.47 - 2.855
A^22
1 - 4.325; k2
2 *









D2 - .765; D2
a •784"
Dl == -
Rd 48w * 48x8.45 - 3.82xl05
n D^ 7T x.784x43xl0**5
for min. ht. Hg - 4"
then Ap = 4x.4534°1.815 psi
V^p
- 1.347, CM 2 s («583) 2 * .339
w - CA2 y2f?*f
12 ^m~
w ,6x.481 V 2x6 2x32.
2
12x.814
W « 2.51 #/30C.
w - /AV
2.51 - 6 2x.00455xV
V = 8.91 ft/sec. in test section
R
<*





max. ht. Hg 45 " - a p 20.4 psi
i— - 1.47 - 2.855 x 71.3 - 32.25V 6.3











At min. flow of 1 '/sec thru T.8. : w .282 #/seo.
.282 * .6(.164) ^62x2x32. 2 V*p
12V1-.0395
• 282 - .6(.164) X63.2 V^P






.628x2.54"!. 59 cm. 15.9 mm Hg.
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Since this is such a small reeding on the mano-
meter we will manufacture a third orifice of approxi-
mately .300" diameter to handle low flow rates.
As manufactured the dimensions of our three orifice
plates are as follows:
orifice "A" - dia. • .781"
"B" - » s .465"
"C n - • .303"
w « K ^ORi^l^lf^f where K - PLOW COEP.
12
K 12 x w
A0RI A/2?? V^p
K * 48
^^ORI -Y2x32.2x62.33 1/.4535 " TFt:
'2.54 YAH





"B" 2.64 " 4.67xl0*xw
"0" 6.21 H 7.15xlO*xw
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DATA FOR ORIFICE CALIBRATION























51.8 43.8 95.6 300 38 7.9 .807 .756 2.19x105
5.9 43.9 95.8 300 37.5 8.0 .817 .765 2.22x105
47.6 40.5 88.1 300 40 7.5 .798 .748 2.08x105
47.5 40.4 87.9 300 40 7.5 .800 .749 2.08x105
44.3 38.0 82.3 300 41 7.32 .806 .755 2.03x105
40.8 35.0 75.8 300 42 7.15 .82 .768 1.982x105
37.2 31.9 69.1 300 44 6.82 .82 .768 1.892x105
34.5 29.8 64.3 300 46 6.52 .812 .761 1.81x105
32.1 27.7 59.8 300 48 6.25 .808 .757 1.734x105
29.6 25.6 55.2 300 49 6.12 .822 .770 1.70x105
26.5 23.0 49.5 300 52 5.77 .819 .767 1.60x105
23.1 20.1 43.2 300 55.5 5.41 .822 .770 1.50x105
19.9 17.3 37.2 300 60 5.00 .818 .766 1.387x105
lb.
7
14.5 31.2 300 66 4.55 .813 .762 1.262x105
12.5 11.0 23.5 300 75 4.00 .825 .773 1.11x105
10.3 9.1 19.4 300 83 3*62 .821 .769 1.005x105
9 7.9 16.9 300 88.5 3.39 .824 .772 9.41x10*
7.8 5.9 14.7 300 95 3.16 •822 .770 8.77x10*
5.8 5.1 10.9 300 109 2.75 .832 .780 7.63x10*
4.1 3.7 7.8 300 128 2.34 .839 .786 6.50x10*




DATA FOR ORIFICE CALIBRATION

















Mass Rate K R,,
70 51.4 121.4 100 40 2.5 .227 .600 1.168xl05
65.6 48.3 113.9 100 41.5 2.41 .226 .597 1.125xl05
59.3 44.0 103.3 100 43.5 2.3 .226 .597 1.075x105
56.1 41.8 97.9 100 45 2.22 .224 .592 1.036x105
52.3 39.2 91.5 100 46.5 2.15 .224 .592 1.005x105
47.4 35.6 83.0 100 48 2.08 .228 .602 9.71xl04
41.6 31.6 73.2 100 51 1.96 .229 .605 9.15x104
34.5 26.5 61.0 100 56.5 1.77 .226 .597 8.26xl04
25.8 20.0 45.8 100 64.5 1.55 .229 .605 7.23x10*
18.7 14.7 33.4 100 ?5.5 1.325 .229 .605 6.18x10*
14.1 11.1 25.2 100 88 1.135 .226 .597 5.30x10*
10.5 8.4 18.9 50 51 .98 .225 .594 4.575xl04
8.7 6.9 15.6 50 55 .909 .230 .607 4.24xl04
4.7 3.7 8.4 50 77 .65 .224 .592 3.03x10*




DATA FOR ORIFICE CALIBRATION


















Mass Rate K R^
W W/-_ d
70.1 45.1 115.2 50 48 1.042 .1098 .681 7.45xl04
61.3 40.0 101.3 50 51.5 .971 .0965 .598 6.94x10*
55.7 36.8 92.5 50 55 .91 .0945 .586 6.51xl04
49 32.6 81.6 50 58 .863 .0954 .592 6.17x10*
43.2 29.2 72.4 50 61.5 .813 .0954 .592 5.82xl04
37.4 26.1 63.5 50 65 .77 .0964 .598 5.51xl04
31.2 21.4 52.6 50 72 .695 .0956 .593 4.97x10*
24.3 16.9 41.2 50 80 .625 .0972 .603 4.47xl04
18.9 13.1 32.0 50 91.5 .547 .0965 .598 3.91x10*
15 10.4 25.4 50 102.5 .488 .0965 .598 3.49x10*
11.1 7.7 18.8 50 119 .420 .0967 .600 3.00x10*
8.7 6.0 14.7 50 134 .373 .0973 .604 2.67x10*
6.2 4.2 10.4 50 150 .333 .103 .640 2.38x10*
4.4 2.9 7.3 50 192 .261 .0963 .597 1.865x10*
2.4 1.5 3.9 50 271 .1845 .0933 .578 1.32x10*
2.9 2.0 4.9 50 241 .208 .0940 .583 1.49x10*
3.7 2.5 6.2 50 206 .243 .0973 .604 1.74x10 *
5.15 3.6 8.75 50 174 .28a .0971 .602 2.06x10*









Barometer 783.3 mm Hg.
Correction for temp « - 3,07 mm Hg
Corrected baro. 780.2 mm Hg.
Cold junction * ice and water
Hot junction Napthalene vapor
Boiling point correction formula:
tp - 217.96 .207 (tp+273.1) log10 (750J
Potentiometer reading 20.38 m.v. • 10.29 m.v.
^OBS
tp °C » 217.96+. 207 (tp+273.D log10 ( 780.
2
j
217. 96+. 00238 (tp 273.1)
tp°C 219.13
at 219.13°C, Eg|j^ * 10.312 m.v.
A E " E05S " ESTD s 10.29-10.312 * -.022 m.v.
Second run using steam for hot point
Boiling point correction formula:
tp
°0 100. 000+. 03686 (p-760)-. 0000202 (p-760) 2
Potentiometer reading 8.6 m.v. a 4.3 m.v. * Eqbs.
tp°C





°C - 100.737, Bc^D * 4.3105 m.v.





Pilling Systec and Starting Pump
The system was filled from the supply used in the
high pressure study. Distilled water was used and the
water was heated to boiling to reduce the concentration
of dissolved air. All control valves and the air vent
were open. A rubber tube was connected to the vent and
the end of the tube was placed in a distilled water bottle
which contained water at a level above the test section.
This connection was made for the purpose of eliminating
low pressures at the test section when the pump was started.
(The authors were unable to make the test section air tight
and at low pressures air leaked in along the downstream,
i.e., upper, edge of the heater atrip.)
After filling the system the filling valve (not shown
in fig. Vlf ) and the flow control valve were closed. The
top of the pressure vessel was opened to the atmosphere
thereby assuring atmospheric pressure plus about five feet
of water pressure at the suotion of the pump. When the
pump was not running the pressure at the system vent was
also controlling the pressure at the pump, with the water
in the pressure vessel and the water in the bottle seeking
a common level if given enough time. The pump was then
started <md after it was running the filling vent was
olosed leaving the pressure vessel in control of the system
pressure. The reason for leaving the vent open during
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starting was to prevent a momentary low pressure at the
test section, drawing in air around the heater strip.
The small tube leading from the pressure vessel prevented
this vessel alone from controlling the suddenjfc change in
pressure.
After the pump was started the top of the pressure
vessel was shut off from the atmosphere and connected to
a city water operated, venturi aspirator. The aspirator
was used to lower the air pressure in the pressure vessel,
thereby lowering the pressure on the system. The pressure
was lowered until the first signs of air leaking into the
test section were detected. This indicated about atmos-
pheric pressure at the heater strip. (In reality it was
very slightly above atmospheric because of a small amount
of air pressure in back of the strip due to shielding
air.)
The flow control valve was then opened and the
pressure in the pressure vessel adjusted to obtain at-
mospheric pressure at the test section. It was originally
planned to use a manometer to tell when atmospheric
pressure at the test section was reached. The manometer
was not connected directly to the test section but between
the vent valve and the system. The manometer was then
calibrated against the flow velocity by noting its reading
when air first leaked into the system. Had the air leak
been absent it would have been necessary to connect the
manometer directly to the test section. As it turned out
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later the leaft increased to such an extent that it was
necessary to maintain a steady and pronounoed leakage
of air in order to keep the thermocouples in back of
the strip dry. Then the pressure manometer served only
as a guide to the system pressure.
Deaeratlon
When first operating the equipment considerable
difficulty was experienced in removing air from the system.
In order to remove the small air bubbles entering the
system through the above mentioned leak the deaerator
was designed (as shown in fig. 3£ ). The water entered
the three inch inner pipe tangenti8lly to induce a swirl
in the water and force the air bubbles toward the center
and upward. Because of the large diameters Involved in
comparison to the one inch pipe the velocities were re-
duced to peririt the air to rise to the top of the deaerator.
The deaerator was connected near the suction side of the
pump, in the low pressure part of the system, which in-
creased the size of the bubbles. Air was removed periodi-
cally from the deaerator by use of the aspirator. This
method of air removal was very satisfactory to velocities
up to about 7 or 8 ft/sec through the test section. At
higher velocities it could not remove the air as fast as
it was drawn into the system.
The water used for sll runs was distilled water ob-
tained from Belmont Spring Water Company. As received
this water showed an O2 concentration of 5-6 m.l. per
liter. Boiling before filling reduced this concentration
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to the order of 1-1.5 m.l. per liter. Samples taken
during runs indicated a dissolved oxygen concentration
of approximately 3«2 m.l. /per liter showing that some
of the leakage air went into solution. This figure
remained essentially constant throughout the runs. O2
determination was made using the Winkler method.
Observed Data
For calculating results the following data was ob-
tained: temperature of incoming and exit water, tempera-
ture in the center of the back of the heater strip, shield-
ing air temperature, volts, amperes and pressure drop
across the orifice.
The temperature rise of the water through the test
section was so small that it could not be detected in
the majority of runs. When the exit temperature did
vary considerable uncertainty existed as to whether a
temperature equilibrium had been established in the water.
The bulk temperature used in calculations was thd tempera-
ture of the incoming water.
Because the only heat added to the water was in the
test section, the highest bulk temperature that could be
held for all velocities and heat flux densities was about
122°P. Higher bulk temperatures could be maintained at
high flux densities and some isolated data was obtained
in this region.
In order to get the true temperature of the back of
the heater strip the temperature of the shielding air was
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adjusted until the air temperature thermocouple read
the same es the heater strip thermocouple. It was found
that this temperature balance was very critical. One
tenth milli-volt difference (about ?°F. ) between the
air thermocouple and the heater strip thermocouple would
mean a difference of 10°P. from the true heater strip
temperature.
Photographic Technique
Photographic technique was developed by William
B. Whist on and the techniques employed, with varying
measures of success, are fully described by him in (6).
Only the more successful will be described here.
Still pictures
Camera used was a 4x5 Speed Graphic. First pictures
were flood lighted with 1/1000 sec. shutter speed. This
did not stop the action so for the next runs Edgerton
type speed lights were used at successive speeds of
1/2500 sec, 1/10,000 sec and 2 micro-seconds. ?he
highest speed was required to effectively stop all
action.
High Speed Motion Piotures
Camera used was Eastman type III High Speed 16 m.m.
motion picture camera, operated at 3»000 frames per





A schematic diagram of the flow circuit appears
in fig. VII. The pressure vessel, filling chamber, ion-
exchanger, pump and associated piping and valves were
located within a test cell. These units were designed
end used for other phases of bubble study, (3) and (4),
and were made available to us all assembled. Tho part
of the system external to the test cell was constructed
by the authors. A photograph of this appears as fig. VIII
Circuit piping and fittings were of commercial 1" copper
sweated with soft solder except at throttle valve and
heat exchanger ends where silver braze was used.
Pressure drop across the calibrated orifices used
in flow measurement was measured on a mercury "LI" tube
manometer constructed by the authors.
Copper to copper unions were used to connect the
flow circuit external to the test cell with the internal
leads which were brought out through holes drilled in
the wall of the test cell. Unions were also used to
connect the test section into the flow circuit and the
orifice section into the flow circuit,
(b). Test Section
The test section is the heart of the apparatus and
the component about which the rest of the circuit was
designed and constructed. The test section employed was
designed and constructed by Mr. Eugene E. Drucker (2)
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for the specific purpose for which it was employed.
Design oaloultions and detailed drawings appear in (2)
and a brief description of the test section will suffice
here. The test section is rectangular constructed of a
transparent plastic called "Boilable Lucite". The in-
ternal cross-sectional area is 7/8 Bx3/4" f and wall
thickness is 1/4". The front and back walls of the test
section are flanged and the side walls are grooved to
reoeive these flanges with a thin rubber tube between
to act as a gasket. The end connection are made by
cementing blocks of lucite to the four sides at each
end and drilling them to receive 1/4" Allen set screws
which are screwed into a brass plate at each end, 3"
square 1" thick. Thin sheet rubber is used as a gasket
at each end. The brass end plates are drilled to receive
3/4" extra strong brass pipe, 3" long. The inside dia-
meter of this brass pipe is tapered starting with nominal
dimensions at 1" from the end and increasing the inside
diameter to the inside diameter of 1" copper tubing. The
external diameter is turned down, starting 1" from the
end to the inside diameter of 1" copper tubing. This
enables the 1" copper tubing to fit over the brass pipe
for a distance of 1" and permits a smooth reduction in
cross-sectional area for the flow entering the test
section and expansion when leaving. The back wall of
the test section is cut out for a distance of 6" commenc-
ing at 2" from the exit end. The overall length of the
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lucite walls is 17". The heater element is inserted
in this out-out section and consists of a stainless
steel strip, 1/2" wide, 4" long and .0193" thick.
This strip is cemented in a laminated asbestos fabric
phenolic resin called "AA-39"i manufactured by the
Formica Company of Cincinnati, Ohio. The bonding
material used is ".Bostiok" cement Ho. 7026, manufactured
by the B.B. Chemical Company of Cambridge, Massachusetts.
The entire "formica" section is fitted into and flush
with the cut-out section of lucite by built up blocks
of plastic drilled and bolted to the "formica" which is
tapped for Allen set screws.
Copper bus bars are silver brazed to the baok ends
of the heater strip for power leads, lead out through
the "formica". Three thermocouple functions are cemented
on to the back of the heater strip with an insulating
layer of Bostik oement. The sides of the "formica" (block)
are cut out to provide a small space in baok of the heater
strip to lead out the thermocouple wires and to permit
a space for heated air to be introduced to snield the
thermocouples. A fourth thermocouple is located in this
space to measure heated air temperature.
Considerable difficulty was encountered in assembl-
ing the test section. The methods originally designed
to seal against leakage proved inadequate. It was
finally necessary- to drill and tap the edges of the
lucite walls and bolt the sections tightly together and
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in addition to seal all external seams with Bostik
cement. The latter was undertaken as a least resort
sinoe the original intention was to join the test
section so that it could be readily disassembled for
replacement of heater strip if neoessary.
(c). Heat Exchanger
The heat exchanger was built in accordance with
reference (2) and is simply a tube-in tube exchanger
with the main circuit piping continuous inside a 6*
length of 1 1/4" standard iron pipe. City water is
the cooling medium and is controlled by valves at entrance
and exit,
(d). Pump
The pump providing the flow was a Westinghouse
totally enclosed oentrifugal pump, model 30A, 220 volts,
3 phase, 60 cycle i operating characteristics and a
description of this pump appears in (4).
(e). Orifices
The orifices were designed and constructed by the
authors; detailed calculations appear in Appendix B and
are discussed under "Plow Measurements", section
Pig. IX is e drawing of the orifice section.
(f) Deaerator
Sketch of the deaerator appears as fig. X.
(g) Power Supply
Power for the heater strip was furnished by a motor-
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generator set, the name plate data for which appears
below.
D.C. Generator A.C. Driving Motor
General Electric Go. Westinghouse Electric Co.
Model N0.53A532 Type-CS
Serial No. 1897572 Serial Ho. 10179
KW - 15 Phase - 3
Volts - 15 Cycles - 60
Amp8 - 1000 Volts - 220
BMP - 1200 Amps - 65
Separately excited
(h) Potentiometer
The potentiometer used for temperature and power
measurements was manufactured by the Rubicon Company
of Philadelphia, Pennsylvania, Serial #51176, Model
#2703.
AIR HEATER
To eliminate heat loss from the heater strip other
than to the system water and to insulate the back side
of the heater strip bearing the thermocouples, heated
air was introducted into the space provided. To provide
the air flow, a line was run from the low pressure air
system located on the test floor. This was reduced to
a 1/4" copper tube with a globe valve installed for
control. A simple heater with more than sufficient
capacity was constructed as follows: a two foot length
of 3/8" stainless steel tubing was filled with stainless
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steel wool and secured to 1/4" oopr>er tubing at Inlet
and outlet by two lnoh ceramic insulating sleeves. The
jointing compound used was "Sauereisen" porcelain cement*
A thirty to one step-down auto-transformer with input
controlled by a Variac connected to city 110 v. lighting
oircuit provided the current necessary to heat the tube
and hence the air passing through it. Leads from the
transformer were clamped directly to the stainless steel
tube, a distance of 16 1/2 inches apart. Dimensions of
tube and separation of power leads was obtained from
reference (3) which indicated these details of construction






Water velocities were measured by means of cali-
brated orifices. Three different sizes being used to
cover the desired range without undesirably high mano-
meter readings. The orifices were constructed by stain-
less steel, 1/8" thick and were designed, in so far as
possible, according to procedure outlined in A.S.M.B.
Power Test Codes, 1940, Part 5, Chapter 4. Slight de-
parture from recommendations in above reference was
necessitated by the range of pressure drop to be covered.
Design calculations appear in Appendix B»
After manufacture, orifices were calibrated over
the desired range and plots were made of flow coefficient
•*>versus Reynold's number based on orifice diameter, Rd
considerable care was exercised in calibration and results
as plotted show a mean deviation from the faired curve of
less than 1%. Calibration plots appear as figures 1, 2,
and 3«
For use in measuring flow velocities values of test
section velocity in feet per second were plotted against
differential height of mercury manometer in centimeters
for water of 100°P and 150°P. Because the "K w values were
essentially constant at the higher Reynold^ numbers with
the 150°F water and because the difference in water density
is so slight only the curve for 100°P water is plotted here
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as figure 4. Calculations appear in Appendix B •
2. Temperature Measurement
All thermocouples used were copper-constantan number
36. They were calibrated at three points; ice point,
steam point and napthalene vapor point. These were suf-
ficient to cover the required range. Calibration data
appears in Appendix C and is plotted in figures 5 and 6.
It was originally intended to take three temperature
measurements along the heating strip and to measure water
temperature both entering and leaving the test section.
Since it developed that only the center strip thermocouple
could be properly shielded and since increase in water
temperature through the test section was barely notice-
able, if at all, the two end thermocouples on the heating
element and the exit water thermocouple were not used for
measurement.
3. Power Measurement
Voltage across the heater element was measured by a
potentiometer circuit across the bus bars. As sown by
Druoker (2) the error involved in measuring voltage across
the bus bars instead of directly across the heater strip
is negligible. Calibrated resistances were used in the
potentiometer circuit as shown in sketch. The ratio
9.994 a Po holds, where Po is potentiometer reading in
5303749 ~!
volts and E the voltage
across the bus bars. Be-
-A. J,
5003. 5 9.9*34-
-"NAAAA/W-i—"WW/^ caust the potentiometer
\?^y used reads 2x millivolts,

othe result is that E » .251 x P where P is the potentio-
meter res-ling.
For measuring current , leads were run connecting
the potentiometer with a calibrated shunt in the generator
oircuit. This shunt was labeled 50 m.v. per 1000 amps,
and this value was checked against a Bureau of Standards
calibration for another shunt used by Osborn and Somma (3)
and proved to be exact. Hence for measuring current the















AT Tw TW-T D
HR-JfT.*
Q/AxlO-3
1 2.73 1.63 129.5 123 179 4.7 174.3 51.3 5*.
8
1 5 1.295 104.8 118.5 139 3 136 17.5 33.3
3 i .577 59.5 119 124 1.1 122.9 3.9 8.45
4 I 3.41 260.5 122 251 18.6 232.4 110.4 218
5 4.02 305 122 270 25.5 244.5 122.5 301
6 n 4.44 336 122 281 31 250 128 366
7
(i 2.83 220.2 112 212 13.5 198.5 86.5 153
8 ii 3.43 261 112 246 18.6 227.4 115.4 220
9 n 4.32 325 112 276 29 247 135 345
10 1.7 3.95 297 122 279.5 24.3 255.2 133.2 288
11 ii 3.19 241.8 122 265.5 16.2 249.3 127.3 189.1
12 tt 2.285 175.5 122 236 8.6 227.4 105.4 98.5
14 tt 2.29 176 112 235.5 8.6 226.9 114.9 98.8
15 it 3.3 247 112 265 16.7 248.3 136.3 200
16 it 1.07 88.3 71 118.5 2.3 llbo2 45.2 23.2
17 tt .615 51.2 65 86 .9 85.1 20.1 7.73
18 n 4.31 324.5 152 286 29 257 105 343
19 n 2.95 223.5 148 261 14 247 99 161
20 ft 1.82 141 142.5 230.5 5.5 225 82.5 63
21 5 5.39 400. b 154 308 45 263 109 530
22 H 3.94 297.7 152.5 280.5 24.3 '256.2 103.7 288
23 ti 3.32 252 150.5 265 17.5 247.5 97 205.7
24 n 3.32 252 150.5 265 17.5 247.5 97 205.7
25 n 4.39 330 122 289 29.6 259.4 137.4 356
26 n 3.11 238.5 n 239 15.7 223.3 101.3 182
27 n 2.45 192.4 n 198.5 10.05 188.5 66.5 116
28 n 1.875 149.3 N 168 6.3 161.7 39.7 68.8
29 ii 1.25 101 ft 141 2.9 138.1 16.1 31








Sec Volts Amp8 °P o? °? °? °* HR-FT.2
Q/A110
"3Run Vel. £ I *b *o *iT T* TW-T D
31 5 3-82 290.6 112 272 23.0 249 137 272.5
32 3.08 238 n 230 15.7 214.3 102.3 180
33 n 2.49 196.5 it 195 10.6 184.4 72.4 120
34 N 3.84 293 a 272.5 23.5 249 137 276.5
35 it 2.04 162 114 170 7.3 162.7 48.7 81.15
36 n 1.604 129 113 146 4.5 141.5 28,5 50.8
37 1.7 3.16 240 112 269.5 16.0 253.5 14155 272.5
38 n 4.07 306.5 tt 286 25.6 260.4 148.4 30b. 5
39 2.535 193.5 n 248 10.5 237.5 125.5 120.4
40 it 1.868 144.7 n 216 5.9 210.1 98.1 66.3
41 n 1.542 122 n 187 4.1 182.9 70.9 46.2
42 n 1.12 90.8 149 2.4 146.6 34.6 24.95
43 it 3.92 293.5 122 281 23.5 257.5 135.5 282.5
44 o 2.56 195.2 122 253.5 10.7 242.8 120.0 122.8
45 ft 1.883 147 122 221 6.0 215 93 68
46 ft 1.47 116.5 120 182 37 178.3 58.3 42.1
47 1 4.22 317.4 122 289 27.5 261.5 139.5 329
48 ft 1.871 145 122 240.5 5.9 234.6 112.6 66.6
49 ft 1.53 119.5 120 214 4.0 210 90.0 44.85
50 m 3.68 277 122 280 21.0 259 137 250
51 it 3.05 231.8 122 271 14.9 256.1 134.1 173.5
52 n 3.93 297 137. 5 281.5 24.0 257.5 120.0 286.5
53 n 2.16 165 122 251 7.6 243.4 121.4 87.5
54 n 2.65 202 120 261.5 11.5 250 130 131.5
55 n 1.015 81.4 124 172 2.0 170 46 20.3
56 4.3 322.3 105 286 28.2 257.8 152.8 340
57 rt 4.34 326 105 288 29.0 259 154.0 348
58 tt 4.585 345 122 294 32.5 261.5 139.5 389
59 ti 4.265 288 a 280.5 22.8 257.7 135.7 301
60 it 2.915 221.2 it 266 16.6 249.4 127.4 158
61 H 1.99 152 H 244 6.5 237.5 115.5 74.25
62 ft 1.955 151 102 239 6.4 232.6 130.6 72.5
63 tl 3.01 228.5 ti 268 14.5 253.5 151.5 169
64 n 4.025 303.5 » 286 25.0 261 159.0 300
65 n 5.04 377.5 n 303 39.0 264 162.0 467
66 H 5.02 374.5 82 306 38.4 267.6 185.6 462
67 ff 4.34 326 n 290 29.0 261 179.0 347
68 ft 3.61 273 n 278 20.5 257.5 175.5 242
69 ft 1.95 152 n 222 6.5 215.5 133.5 72.7
70 11 5.46 406.8 76 313 45.1 267.9 191.9 545
71 ft 4.075 306 n 258 25.6 262.4 186.4 306
72 tt 2.975 226 n 266 14.2 251.8 175.8 165
73 tl 2.34 180 n 230.5 9.0 221.5 145.5 103.5
74 ft 2.43 184.3 112 257 9.5 247.5 135.5 109.7
75 it 2.38 183.0 82 236 9.45 226.5 144.5 107
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Method of Determining Twall
Formula used to determine the temperature of the
heater atrip on the water side was derived by Druoker (2).
In this derivation it was assumed that all of the electrical
energy put into the heater strip is transferred as heat
to the circulating water. Both the thermal conductivity
k and the electrical resisivity p are considered linear
functions of the temperature and are plotted as figures XEL
and Zm respectively. The formula 1st
Tw = To - AOL
(1-k*To)(1+ 6 To)
_ 4y4m2 3<* +4«(3To+ & '
(1+ «*To)3(i+ f3io) 5
now m
but E




dE * Ifm = lfm
dx A Ayb
also ^koll-nToHl* 0T O ) - /k
Thus we may write after substitution and cancellation
2/>k b2 f 2k 2b4
3*+4*BTo B
(1+ <*T ) (1+ 0T }
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Pig. XI V originally plotted by Drucker (2) shows
the temperature distribution through our heating element
for a T of 400°P. This figure was integrated to find
the mean temperature. This value yielded the following
relationship wnioh re assume holds for various assumed
values of AT and To:
Tm » Tw + li- A T
105
values of Tm obtained from this relationship were used
to obtain
f> m .
Curves were plotted for values of I vs A T by assum-
ing a value for To and several increments of A T. Only
the first term in the expression for A T was used since
numerical calculation indicated that the effect of the
second term was only of the order of 1%
}
whioh amounts to
only a fraction of one degree in the range with which we
are concerned. Values were calculated for To from 150°P
to 350°P and the curves for all T s are so close to being
superimposed that a single curve is within the accuracy
of our data. A plotted curve of A T vs I appears as
fig. 2v; .
Correlation of Data
To determine the validity of the data obtained^ both
the non-boiling runs and the boiling runs were correlated.




This was plotted in the form of J vs Re, fig. XVI,
where J -/Ifi
—
^ /o,>u\2/3 /^M ' 1 * Moat of the dfttaGM(¥fW
plots slightly above this line which may be explained
by the fact that the Sieder and Tate equation was obtained
with a value of i above 32, where L is the heated length
and D the diameter. The equivalent diameter for this in-
vestigation was .0672 feet, giving an k of 5.3 As i de-
1 D D
creases to low values, h increases rapidly. This would
result in higher values of J than those predicted by the
Sieder and Tate equation. It is also noted that the
Sieder and Tate equation is based on a cylindrical heat-
ing surface and the element used here is a flat plate.
The boiling data was correlated with that of Dew
(7) and Carl and Picornell (7) by plotting 5 vs ^TSAT# ,
A
fig. XVII. At high heat flux densities our data correlates
well yielding on equation in the straight line portion of
the curve which is £ - 0.135 l^T ) 5,86 .
At the lower heat flux densities velocity is observed to
h8ve an effect on the curve. The higher velocity points








DATA -- 21 April 1951
"JrUlftJ KJuAJDlflCr "
Run aH Tb *a To I 1
Ho.
1 14.3 "A" 4.1 6.83 6.83 12.95 6.5
2 40 ttgW 3.9 4.88 4.88 10.48 5.17
3 n 3.91 4.15 4.15 5.95 2.3
4
tt » 4.05 10.55 10.55 26.05 13.6
5 n
r 4.05 11.62 11.62 30.5 16.0
6 M tt 4.05 12.21 12.21 33.6 17.7
7 ft n 3.6 8.53 8.53 22.02 11.27
8 It » 3.6 10.3 10.3 26.1 13.65
9 » 3.6 11.96 11.96 32.5 17.2
10 4.5 4.05 12.16 12.16 29.7 15.75
11 n 4.05 11.38 Ui36 24.18 12.70
12 tt ft 4.05 9.78 9.78 17.55 9.10
13 n ft 3.6 12.75 12.75 29.7 15.7
14 ft ft 3.6 9.75 9.75 17.6 9.12
15 n n 3.6 11.35 11.35 24.7 • 13.14
16 tt ft 1.7 3.9 3*9 8.83 4.26
17 M tt 1.46 2.4 2.4 5.12' 2.45
ORIGINAL DATA - 23 April 1951
CM hg ORIPICE TTV™ REA]rsTwnXV. DJLmr
Run *H Th ?a To I S Piot.Ho
Ho.
18 4.5 MB n 5.5 12.5 12.5 32.45 17.2 3
19 4.5 n 5.3 11.1 11.1 22.35 11.75 4
20 4.5 M 5.03 9.5 9.5 14.1 7.25 5
21 40 ft 5.6 13-7 13.7 40.06 21.44 6
22 40 ft 5.55 12.2 12.2 29.77 15.7 7
23 40 a 5.45 11.35 11.35 25.20 13.26 8
24 40 5.45 11.35 11.35 25.20 13.26 9
TABLE-2EL

ORIOIPAL DATA - 27 April, 1951
48
CM HG Poten. Reading -
Run —IT ORIFICE Ta&To I £ Pict. No.
No.
f
25 40 «B n 4.06 12.65 33.0 17.5
26 n n ii 9.97 23.85 12.38
27 M n 7.87 19.24 9.77
28 m n n 6.36 14.93 7.47
29 n R 5.05 10.10 4.98
30 n n 4.35 5.25 2.56
31 n ii 3.6 11.75 29.06 15.22
32 n n 9.5 23.8 12.27
33 tt n n 7.7 19.65 9.94
34 n tt M 11.75 29.3 15.31 10
35 N n 3.7 6.42 16.2 8.15
36 II ii 3.6 5.3 12.9 6.4
37 4.5 it 11.6 24.0 12.6
38 « a 12.5 30.65 16.2
39 n
n 10.45 19.35 10.1 11
40 i? *l? n 8.7 14.47 7.44 12
41 n TI n 7.3 12.20 6.15
42 it tl ti 5.45 9.08 4.46 Movie
43 u tl 4.06 12.2 29.35 15.6 13 #3,tH
44 tt n n 10.75 19.52 10.2
45 n it n 8.95 14.7 7.5 #5
46 ti n 3.96 7.03 11.65 5.85
47 9 nc" 4.06 12.65 31.74 16.82 #6
48 tt n 10.05 14.5 7.46 #7
49 w n 3.96 8.7 11.95 6.10 14
50 n 4.06 12.15 27.7 14.65 15
51 M n ti 11.68 23.18 12.17 16
52 IT n 4.88 12.26 29.7 15.67 17
53 n n 4.06 10.6 16.5 8.6
54 ti n 3.95 11.17 20.2 10.55
55 N n 4.15 6.53 8.14 4.05

ORISIMAJ. DATA - 7 May, 1951
43
CM HG - Poten Reading —
Run ~Z H~~ ORIFICE
^b Iq&Tq I B Pict.No,i
No.
56 9 "C" 3.25 12.5 32.23 17.15 20
57 n n 3.25 12.6 32.6 17.3 21
58 u 4.06 12.95 34.5 18.37 22
59 n « n 12.2 28.8 17.0 23
60 n n 11.4 22.12 11.62 24
61 H n n 10.2 15.2 7.92 25
62 II it 3.1 9.96 15.1 7.8 26
63 if n n 11.5 22.85 12.0 27
64 « n n 12.5 30.35 16.05 28
65 It n rt 13.45 37.75 20.1 29
66 It ft 2.22 13.6 37.45 20.0 30
67 tJ ft n 12.75 32.6 17.3 31 •
68 ti n ft 12.0b 27.3 14.4 32
69 It »» n 9.05 15.2 7.78 33
70 H n 1.93 14.0 40.68 21.77 34
71 n n n 12.6 30.6 16.25 35
72 a H n 11.4 22.6 11.86 36
73 ft ft 9.5 18.0 9.33 37 Movie
74 »t n 3.6 10.9 18.43 9.68 a
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Hun #19 - Picture #4
Q/A= 161,800; t 8at - 35°I.
Velocity -1.7 Ft./Sec.
t D 148°F.
Hum #23 - Picture #8
qjk s 205,700; t8at
Velocity 5 Ft/Sec.










C38 A photographic study of
the mechanism of surface
boiling at atmospheric
pressure.
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